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Patch clampHuman P2X7 receptors (hP2X7Rs) belong to the P2X family, which opens an intrinsic cation channel when
challenged by extracellular ATP. hP2X7Rs are expressed in cells of the inﬂammatory and immune system.
During inﬂammation, ATP and protons are secreted into the interstitial ﬂuid. Therefore, we investigated the
effect of protons on the activation of hP2X7Rs. hP2X7Rs were expressed in Xenopus laevis oocytes and
activated by the agonists ATP or benzoyl-benzoyl-ATP (BzATP) at different pH values. The protons reduced
the hP2X7R-dependent cation current amplitude and slowed the current deactivation depending on the type
and concentration of the agonist used. These effects can be explained by (i) the protonation of ATP, which
reduces the effective concentration of the agonist ATP4− at the high- and low-afﬁnity ATP activation site of
the hP2XR, and (ii) direct allosteric inhibition of the hP2X7R channel opening that follows ATP4− binding to
the low-afﬁnity activation site. Due to the hampered activation via the low-afﬁnity activation site, a low pH
(as observed in inﬂamed tissues) leads to a relative increase in the contribution of the high-afﬁnity activation
site for hP2X7R channel opening.to cations; BzATP, 2′3′-O-(4-
receptor; Vh, holding potential
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P2X7 receptors (P2X7Rs) belong to the P2X family of ligand-gated
channels that are opened by extracellular ATP. The expression of
P2X7Rs in leukocytes infers a function within the immune and
inﬂammatory system. Consistent with this view, activation of P2X7Rs
induces the release of the inﬂammatory mediator interleukin 1β from
macrophages [1–3]. In macrophages, P2X7Rs play a role in actin
assembly, which is important for phagocytosis and the fusion of
phagosomes with lysosomes [4,5]. Furthermore, P2X7Rs are involved
in nociception [6–8] and have been pursued as a promising drug
target for the treatment of inﬂammatory and chronic pain [9–12].
Inﬂammation is usually accompanied by acidosis [13–15], and
several nociceptors are activated by extracellular protons [16–18]. A
study of the effect of protons on P2X7Rs is therefore of interest as it
may help in the understanding of their function in inﬂamed tissue.
The numerous possible effects of protons complicate the delineation
of the underlyingmechanisms. In principle, protonsmay inﬂuence the
ion channel pore conduction, the receptor binding of the agonist or
the agonist-induced pore opening (gating). Additionally, the binding
of protons to ATP4− reduces the concentration of the P2X7R agonist,
free ATP4-. Following activation of the P2X7R, any experimental
measurement (such as the ﬂuorescence signals reﬂecting intracellularcalcium concentration or the uptake of ﬂuorescence dye) may be
altered by the pH. Even if an early signal of P2X7R activation, the
induction of a cell membrane current, is measured, secondary
activation of additional ion current conductances [19–22] may lead
to misinterpretations of the effect of protons on the P2X7R.
Here, we designed experiments to minimize the contaminating
side effects of pH changes on hP2XR-dependent currents. Measure-
ments in the oocyte expression system allowed us to record hP2X7R-
dependent currents in divalent cation-free extracellular solutions.
Thus, the complexing effects of Ca2+ or Mg2+ at ATP and the possible
allosteric effects of these cations on the hP2X7R were excluded.
Additionally, the effect of P2X7R-dependent pore formation [23] is
obviously absent if hP2XRs are expressed in Xenopus oocytes [24]. To
unequivocally determine the inﬂuence of pH on authentic hP2X7R-
mediated currents that are free of contaminating secondarily activated
ion ﬂuxes, we also determined the effects of protons on hP2X7R-
dependent single-channel events [25]. As we have previously shown,
activation of hP2X7R is mediated via high and low-afﬁnity activation
sites [26,27]. Here we report that protons differently affect hP2X7R
dependent current induction via these two activation site types.2. Materials and methods
2.1. Ethical approval
Xenopus laevis females were imported from Xenopus Express
(Vernassal, France). Altogether, about 20 animals were anaesthetized
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aminobenzoate methanesulfonate, Sigma, Deisenhofen, Germany) for
20 min and thereafter placed on a wet platform for laparotomy. Parts
of the ovary were removed through a small incision which was
thereafter closed by sutures of the peritoneum and the outer skin.
Frogs awake after the operation within about 20 min in a box half
ﬁlled with water to leave the head free for breathing. The frog was
allowed to recover for at least two months before removal of another
batch of oocytes. Keeping of and operation on frogs were approved by
the local animal welfare committee (ref no. 53a-42502/2-173) and
are in compliance with The Journal of Physiology's guidelines for
experimentation on animals [28].
2.2. Chemicals
Chemicals were obtained from Sigma if not otherwise stated.
Na2ATP was purchased from Roche (Mannheim, Germany).
2.3. The expression of the hP2X7R in X. laevis oocytes
A plasmid encoding the human P2X7 subunit (hP2X7, accession
no. Y09561, [29] was available from previous studies [24]. The S339Y-
hP2X7 mutant was generated using the QuickChange site-directed
mutagenesis kit (Stratagene, Heidelberg, Germany) and veriﬁed by
commercial sequencing (MWG, Ebersberg, Germany). Capped, poly-
adenylated cRNAs were synthesized, puriﬁed and injected at 0.01–
0.5 µg/µl (∼23 nl/oocyte) into collagenase-defolliculated oocytes as
described previously [24]. Until their use one to three days later, the
oocytes were kept at 19 °C in oocyte Ringer solution (ORi) consisting
of 100 mM NaCl, 1 mM KCl, 1 mM CaCl2, 1 mM MgCl2 and 5 mM
Hepes supplemented (per ml) with 100 U penicillin and 100 µg
streptomycin.
2.4. Two-electrode voltage-clamp electrophysiology
Two-electrode voltage-clamp recordings were performed on
healthy stage V–VI oocytes at room temperature (≈22 °C) essentially
as described previously [24]. Microelectrodes were ﬁlled with 3 M KCl
(the resistances were 0.9–1.3 MΩ). The currents were recorded and
ﬁltered at 100 Hz using an oocyte clamp ampliﬁer (OC-725C, Hamden,
USA) and sampled at 85 Hz. The impalement of the electrodes and the
measurement of the membrane potential of the oocytes were carried
out in ORi solution (see above). For subsequent recordings of the
P2X7R-dependent currents, the oocytes were superfused with a
nominally Ca2+- and Mg2+-free solution containing (in mM)
100 NaCl, 2.5 KCl, 5 Hepes, 0.1 EGTA and 0.1 ﬂufenamic acid, at pH
7.4 and a holding potential (Vh) of −40 mV. Ca2+ and Mg2+ were
omitted to avoid the activation of endogenous currents by Ca2+ inﬂux
through the P2X7R channels and to prevent the complexation of ATP4
−. The inclusion of ﬂufenamic acid prevented the development of a
large conductance that is otherwise seen in divalent cation-free
solutions. We achieved a fast and reproducible exchange between the
different bathing solutions within b1 s using a small chamber (0.1 ml)
combined with fast superfusion (75 µl/s) and a set of computer-
controlled magnetic valves [30]. We invoked hP2X7R-dependent
inward currents by switching for 6 s to a bathing solution that
contained additional ATP or 2′3′-O-(4-benzoyl)-benzoyl-ATP (BzATP)
at the concentrations and pH values indicated in the text and ﬁgures.
We measured the pH values of all solutions at the end of the
experiments, and they were unchanged.
Taking the pH-dependent protonation of ATP4− into account, the
free ATP4− and BzATP4− concentrations were calculated according to:
agonist4−
h i
=
agonist½ 
1 + 10pK−pH
: ð1ÞIn these calculations, we used a pK value for the protonation of ATP4−
of 6.51 [31]. For BzATP, the same pK value was used.
Patch pipettes were pulled from borosilicate glass, coated with
Sylgard (Dow Corning Corp., Midland, MI, USA) and ﬁlled with a
solution consisting of (in mM): 90 aspartic acid, 10 CsCl, 10 EGTA, 10
BAPTA, 10 Hepes and 0.5 MgCl2. The pH was adjusted to 7.2 using
CsOH. The patch pipettes had resistances between 5 and 15 MΩ as
measured in the patch bathing solution. We recorded the currents
using an Axopatch 1D patch clamp ampliﬁer (Axon Instruments,
Foster City, CA, USA). hP2X7R-dependent currents were ﬁltered at
1 kHz and sampled at 5 kHz, S339Y-hP2X7R-dependent currentswere
ﬁltered at 5 kHz and sampled at 20 kHz.
Single-channel recordings were performed in the outside-out
conﬁguration of the patch clamp technique as described recently [25].
We achieved a fast and reproducible exchange of the different
solutions at the extracellular site of the patch using a combination of a
U-tube technique [30] and a piezo-driven liquid ﬁlament switch [32].
The pipette with the membrane patch was perfused with the patch
bathing solution containing (in mM): 100 NaCl, 0.5 CaCl2 and 5 Hepes,
at pH 7.4. The ATP4− concentrations and the pH values of the liquid
ﬁlament solutions that ﬂowed out of the U-tube (the U-tube solution)
are given in the ﬁgures and in the text.
The current datawere stored and analyzed on a personal computer
using software programmed at our department (Superpatch 2000, SP-
Analyzer by T. Böhm) and the computer program ASCD (generously
provided by G. Droogmans, Catholic University Leuven, Belgium). The
averaged data are reported as the mean±SD; N is the number of
experiments. We made nonlinear approximations and presented the
data using the program Sigmaplot (SPSS). The resulting parameters
were expressed as themean±SEM. The statistical data were analyzed
using one-way ANOVA (Pb0.05). The statistical signiﬁcance of the
differences between the means was tested using the multiple t-test
(Bonferroni) included in the program Sigmastat (SPSS, Chicago, USA).
3. Results
3.1. The extracellular effects of pH on the hP2X7R-dependent whole
cell currents
hP2X7R-dependent whole cell currents were recorded from X.
laevis oocytes in the two-electrode voltage-clamp conﬁguration. As
divalent cation-free bathing solutions were used and defolliculated
oocytes lack ectonucleotidase [33] protons were the only relevant
extracellular constituents that were able to change the ATP4−
concentration. Fig. 1 shows typical whole cell current traces that
were elicited by ATP (Fig. 1A) or BzATP (Fig. 1B) in hP2X7R-
expressing oocytes at different pH values. Acidiﬁcation from pH 7.4
to 6.4 markedly decreased the ATP-induced current amplitude and
slowed the deactivation time course. In contrast, a decrease in the
acidity from pH 7.4 to 8.4 produced only a slight (for ATP) tomoderate
(for BzATP) increase in the current amplitude.
The deactivating current Ideact(t) during the washout of ATP can be
quantitatively described by a bi-exponentially decaying function:
Ideact tð Þ = Ideact;fast⋅e
− tτdeact;fast + Ideact;slow⋅e
− tτ ;deact;slow + I0 ð2Þ
where I0 is the steady-state currentwithout ATP, Ideact,fast and Ideact,slow
are the initial amplitudes, and τdeact,fast and τdeact,slow are the time
constants of the fast and slowly deactivating current component,
respectively [26,27]. Fitting the data to Eq. (2) revealed that the time
constants for the fast and slow deactivation were not signiﬁcantly
inﬂuenced by the pH (data not shown). For both agonists, ATP and
BzATP, the slower overall deactivation time course at pH 6.4, as
compared to pH 7.4, can be attributed simply to a reduction in the
contribution of the fast-deactivating current component to the total
Fig. 1. The effect of the pH of the media on the hP2X7R-dependent inward currents recorded from intact X. laevis oocytes. Representative current traces are shown that were elicited
by ATP or BzATP as indicated from oocytes expressing the wt-hP2X7R (A, B) or the S339Y-hP2X7R mutant (C). The timing of agonist application and the pH of the agonist-containing
media are also indicated. The middle panel of (A) illustrates an example of the hP2X7R-dependent total current amplitude Iact,6s. All middle panels show the two components of the
deactivating current that are characterized by the fast (Ideact,fast) and slow (Ideact,slow) exponential decay rates as approximated by Eq. (2). The approximated deactivation time
courses are depicted as superimposed smooth short and long dashed curves. The currents that weremeasured using the three pH values of themedia in A, B or Cwere recorded using
the same oocyte. The fast, transient current changes are artifacts that arose during washout.
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nent corresponds to the current that is activated by the low-afﬁnity
ATP activation site [26,27], the main inﬂuence of the extracellular
protons seems to be directed toward the low-afﬁnity activation site.
To investigate the effect of protons on the high- and low-afﬁnity
agonist activation sites of the hP2X7Rs in greater detail, we
determined the agonist concentration–response curves at three
different pH values (Fig. 3). The concentration–response curves of
the relative activating currents Irel were ﬁtted by:
Irel agonist½ ð Þ =
Iact;6s pH; agonist½ ð Þ
Iact;6s 7:4; 0:1mMATP½ ð Þ
=
Irel;∞;1
1 + 10
pKD;1
agonist½ 
 2 +
Irel;∞;2
1 + 10
pKD;2
agonist½ 
 2
ð3Þ
where Iact,6s was measured as shown in Fig. 1 and normalized to the
current induced by 0.1 mM ATP at pH 7.4, and pKD,1 and pKD,2 are the
negative decadic logarithms of the apparent ATP dissociation
constants of the putative high- and low-afﬁnity activation sites
[26,27], respectively. Irel,∞,1 and Irel,∞,2 are the maximal amplitudes at
agonist concentrations that saturated the high- and low-afﬁnity
activation sites, respectively. For all of the data, Hill coefﬁcients of 2
for both sites resulted in higher correlation coefﬁcients than did Hill
coefﬁcients of 1 or N2. All of the concentration–response curves forwt-hP2X7R activation were signiﬁcantly better described by this
model of two different independent activation sites than by a model
with only one type of activation site [34].
BzATP, the most potent P2X7R agonist, predominantly activates
the low-afﬁnity activation site of the wt-hP2X7R, and has not only a
higher potency (i.e., a lower KD), but also a much higher efﬁcacy (a
higher Imax at saturating agonist concentrations) than ATP at this site
(Fig. 3 and [24]. In addition, at the high-afﬁnity activation site, BzATP
possesses a higher potency than ATP, but the efﬁcacies of BzATP and
ATP are equal at this site (Fig. 3 and Table 1).
Acidiﬁcation of the media from pH 7.4 to 6.4 mainly reduced the
amplitude of the current component that is evoked by activation of the
low-afﬁnity activation site and the pKD values for the high- and low-
afﬁnity activation sites (Table 1). To examine whether the lower
apparent KD values at low pHvalues resulted from a decrease in the free
agonist4− concentration by protonation, we plotted the agonist4−
concentration–response curves (Fig. 3B). At low agonist concentrations
(at which the high-afﬁnity activation site was mainly activated), the
curves obtained for the same agonist at different pH values overlapped
and the calculated KD values became pH-independent. This indicates
that the effect of protons in the low agonist concentration range
predominantly originate from pH-dependent changes in [agonist4−].
This indirectly supports the view that the fourfold negatively charged
agonist species represents the genuine hP2X7R agonist, rather than the
protonated (and hence less negatively charged) agonist species.
Fig. 2. The effect of the pH of the media on the deactivation time course of the hP2X7R-
dependent currents. The oocyte-expressed hP2X7 constructs and agonists that were
used are indicated. The currents were recorded and analyzed as described in the legend
to Fig. 1. The contribution of the fast-deactivating current component was calculated
according to Ideact,fast,rel= Ideact,fast / (Ideact,fast+ Ideact,slow), with N=7–27 oocytes.
Statistically signiﬁcant differences are marked by asterisks.
Fig. 3. The dependence of the agonist concentration–response behavior of the hP2X7Rs
on the extracellular pH. The amplitudes of the agonist-induced currents were
normalized, ﬁtted by Eq. (3) and plotted against the total agonist concentration
(A) and the free agonist concentration (B) (as calculated by Eq. (1)). The values listed
are the means from 4 to 26 oocytes. The ﬁtted results are listed in Table 1.
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low-afﬁnity activation site, the reduction of the agonist potency in
acidic media can be well explained by taking the reduction of the free
agonist4− concentration by protonation into account. However,
independent of the free ATP4−, the protons reduced the efﬁcacy ofATP at the low-afﬁnity activation site in terms of the maximal current
that is activatable by the respective agonist (Fig. 3 and Table 1).
3.2. The extracellular effect of pH on the low-afﬁnity
activation-site-lacking S339Y-hP2X7R mutant
To investigate the effect of protons on the high-afﬁnity activation
site we used the S339Y-hP2X7R. The S339Y-hP2X7R-dependent
currents can be characterized using a monophasic ATP concentra-
tion–response curve with a single apparent KD value of about 0.5 µM
ATP, which is saturating in the micromolar concentration range
(Fig. 4A). This strongly suggests that the S339Y-hP2X7R mutant is
activated exclusively through the high-afﬁnity activation site. Fur-
thermore, BzATP activates the S339Y-hP2X7R mutants with a much
higher potency than does ATP, whereas the efﬁcacies of BzATP and
ATP are equal (Fig. 4A). Acidiﬁcation of themedium from pH 7.4 to 6.4
inhibited the ATP-induced S339Y-hP2X7R currents (Fig. 4A), mostly by
reducing the concentration of the genuine agonist ATP4− through
protonation (Fig. 4B, Table 1). The S339Y-hP2X7R mutant deactivated
slowly (Fig. 1C), as it is characteristic for the current component that
is activated by the high-afﬁnity activation site of the wt-hP2X7R
[26,27]. Changing the extracellular pH did not alter the deactivation
Table 1
The inﬂuence of the pH of the media on the concentration–response behavior of ATP and BzATP at the wt-hP2X7R (wt) and the S339Y-hP2X7R mutant (S339Y).
Irel,∞,1 (%) Irel,∞,2 (%) pKD,1 (agonist) pKD,1 (agonist4−) pKD,2 (agonist) pKD,2 (agonist4−)
wt, ATP pH 6.4 70±9 13±9a 4.8±0.1a 5.1±0.1 3.2±0.5 3.5±0.5
wt, ATP pH 7.4 80±15 317±14 5.2±0.2 5.2±0.2 3.7±0.3 3.7±0.3
wt, ATP pH 8.4 64±14 284±13 5.4±0.2 5.4±0.2 4.0±0.1 4.0±0.1
wt, BzATP pH 6.4 67±15 384±15a 6.1±0.2a 6.4±0.3 4.4±0.2a 4.7±0.2
wt, BzATP pH 7.4 50±23 1554±163 6.7±0.2 6.7±0.2 5.1±0.2 5.1±0.2
S339Y, ATP pH 6.4 105±4 – 5.5±0.1a 5.9±0.1a,b – –
S339Y, ATP pH 7.4 102±2 – 6.2±0.05 6.2±0.05 – –
S339Y, BzATP pH 7.4 101±2 – 6.9±0.05a 6.9±0.05a – –
The parameters were calculated using Eq. (3).
a Statistically signiﬁcant differences from the approximated values at pH 7.4.
b The statistically signiﬁcant difference between the approximated values for the total agonist concentration (agonist) and the free agonist concentration (agonist4−).
Fig. 4. The inﬂuence of the pH of the media and the agonist type on the concentration–
response behavior of the S339Y-hP2X7R mutant. The relative amplitudes of the agonist-
induced currents were calculated, ﬁtted according to Eq. (3) (with Irel, ∞,2=0) and plotted
against total [agonist] (A) and [agonist4−] (B). The open symbols in (B) represent the ATP4−
dependence of the current evoked by 0.01 or 0.1 mMATP at different pHnormalized to Iact,6s
at a pH of 7.4 from Fig. 5C. The corresponding ATP4− concentrations were calculated using
Eq. (1). The values are themeans from 4 to 19 oocytes. The ﬁtted results are listed in Table 1.
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extracellular protons mainly affect the low-afﬁnity activation site of
hP2X7Rs.
3.3. Proton concentration-dependent current amplitudes of the
wt-hP2X7R and the S339Y-hP2X7R mutant
Next, the effect of medium pH on the hP2X7R-mediated currents
was investigated over a broader pH range (Fig. 5). Since the pH effect
was inﬂuenced by the concentration of the agonist (Fig. 5A, B), the pH
dependence of the agonist-induced hP2X7R-mediated currents was
approximated by:
Irel pH½ ð Þ =
Iact;6s pH; agonist½ ð Þ
Iact;6s 7:4; 0:1mMATPor0:01mMBzATP½ ð Þ
=
Irel;∞
1 + 10
−pH
10pKH
 3 + c
ð4Þ
where the ATP- and BzATP-induced currents were normalized to
those evoked at pH 7.4 by 0.1 mM ATP or 0.01 mM BzATP,
respectively. pKH is the negative decadic logarithm of the apparent
proton dissociation constant, and Irel,∞ and c are the extrapolated
current amplitudes at zero and the inﬁnite extracellular proton
concentration, respectively. Hill coefﬁcients of 3 gave the highest
correlation coefﬁcients in the computer ﬁts.
Acidiﬁcation exerted a stronger effect on the hP2X7R-mediated
currents that were elicited by 10 µM BzATP than on those that were
elicited by 1 µM BzATP. Both the high- and low-afﬁnity activation sites
of hP2X7R are activated when using 10 µM BzATP, but at this
concentration, most of the current originates from the activation at
the low-afﬁnity activation site. At 1 µM BzATP, it is the high-afﬁnity
activation site that is primarily activated. The concentration-depen-
dent effect of acidiﬁcation can be explained by assuming that protons
have two modes of action, one of which operates through the
protonation of ATP4−, which has a pKD of 6.51 [31]. Protonation of
ATP4− diminishes [ATP4−] as the active agonist form and, thus, the
effective agonist concentration at both the high- and low-afﬁnity
activation sites. The secondmode of proton action seems to stem from
a direct effect on the hP2X7R itself and involves a reduction of the
current originating from the activation of the low-afﬁnity activation
site. This proton effect is predominant if the hP2X7R is activated
primarily through the low-afﬁnity activation site, as is the case when
using 10 µM BzATP. From the data in Fig. 5B, a pKD value of about 6.8
can be inferred for the protonation of the hP2X7R (Table 2).
A similar agonist concentration-dependent pH effect was observed
when ATPwas used for hP2X7R activation (Fig. 5A). This suggests that
protons affect the activation of the hP2X7R by ATP through the same
mechanisms as outlined above for BzATP. Since protons exert distinct
effects on the hP2X7R that depend on the concentration of theactivating agonist, the computational modeling of the data by Eq. (4)
must be regarded as an oversimpliﬁcation. Therefore, it represents
only a descriptive approximation.
As detailed above, the S339Y-hP2X7R mutant can be conceived, in
terms of electrophysiological function, as an hP2X7R that possesses
Fig. 5. The effect of the pH of the media on the activation of the hP2X7R. The currents
were measured on oocytes that were expressing the wt-hP2X7 or the S339Y-hP2X7R
mutant after application of the agonists ATP or BzATP as indicated, following the
protocol of Fig. 1. After normalization to the currents evoked at pH of 7.4, the current
amplitudes were plotted against pH. The normalized currents that are shown in (A, B)
were also ﬁtted using Eq. (4). N=4–20 oocytes. The ﬁtted results are listed in Table 2.
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and 8.4 at a comparably high total concentration of 100 µM ATP had
only a negligible effect on the S339Y-hP2X7R-mediated currents. ThisTable 2
The effect of the extracellular protons on the activation of the wt-hP2X7R and the S339Y-
hP2X7R mutant.
Irel,∞ (%) c (%) pKH
0.01 ATP 82±4 30±4 6.1±0.1
0.1 ATP 86±5 46±4a 6.7±0.1a
0.001 BzATP 94±7 19±6 6.3±0.1
0.01 BzATP 159±4a 15±3 6.8±0.1a
The parameters were calculated using Eq. (4).
a Statistically signiﬁcant differences from the parameters calculated for the
respective lower agonist concentrations.can be easily explained by the absence of the low-afﬁnity activation
site and, accordingly, by the lack of the direct inhibitory effect of
acidiﬁcation on the S339Y-hP2X7R channel function. Also consistent
with our expectations, the current mediated by activation of the high-
afﬁnity activation site did not respond to pH-dependent changes in
free ATP4− concentrations at 100 µM total ATP, because the lowest
free concentration of 0.015 mM ATP4− that is achieved at the lowest
medium pH investigated (5.7) was still saturating at the high-afﬁnity
activation site. In the sub-saturating concentration range (0.01 mM
ATP in Fig. 5B), however, an inhibiting effect of the protons on the
S339Y-hP2X7R-dependent currents became apparent. This effect can
be fully attributed to protonation-dependent changes of ATP4−,
because the concentration–response curves that were obtained at
pH 7.4 and 6.4 and those recalculated from the measured pH effect at
0.1 and 0.01 mM ATP (Fig. 5C) overlap when considered in terms of
the concentration of free ATP4− rather than total ATP (Fig. 4B).
3.4. Extracellular pH effects on the wt-hP2X7R at the single-channel level
The pH dependence of the hP2X7R was also examined at the
single-channel level using outside-out patches that were excised from
hP2X7R-expressing X. laevis oocytes. Since resolvable hP2X7R-
dependent single-channel events are fully dependent on the low-
afﬁnity activation sites [25,27], only pH effects on currents resulting
from activation of this hP2X7R site are reported by single-channel
measurements. Protons may (i) act within the channel pore,
(ii) interfere with the binding of ATP4− to the hP2X7R and/or
(iii) allosterically affect the hP2X7R gating. To assess possibility (i), we
investigated the pH effect on open channels. Variations in the pH
between 6.4 and 8.4 did not affect the single-channel current
conductance, the reversal potential (Fig. 6) or the single-channel
current amplitude (Fig. 7A–G). The open probability, however,
decreased with pH (Fig. 7D–F, H). Single-channel current analysis
revealed this to be due to a longer duration in the closed state
(Fig. 8D–F, H). The mean open time, on the other hand, was not
affected by pH (Fig. 8A–C, G).
To assess possibilities (ii) and (iii), the effect of acidic pH on the
agonist concentration-dependence of single hP2X7R channels was
investigated by measuring the ATP concentration–response curve of
the average ensemble current of multi-channel patches (Fig. 9). The
currents were normalized to the mean current evoked by 5.8 mM ATP
at pH 7.4. The concentration–response curves at pH 6.4 and 7.4 were
ﬁtted by Eq. (3), assuming only that the low-afﬁnity activation site is
the relevant one for channel opening (i.e., Irel,∞,2=0). The effect of
lowering the pH from 7.4 to 6.4 can be explained by the protonation of
ATP4− (as reﬂected by the increased KD) and an additional reduction
of the efﬁcacy of ATP4− (as reﬂected by the reduced Irel,∞) (Table 3).
The effect of pH lowering on S339Y-hP2X7R-dependent currents,
which represent the P2X7R activation via the high-affinity activation
site was also investigated on membrane patch level. ATP application
induced noisy inward currents without clear appearance of single-
channel currents. This is possibly due to not resolved fast current
signals and in accordance with patch currents of truncated hP2X7R
receptors which also only display the effect of the high-afﬁnity
activation site [27]. Even less strong ﬁltering (5 kHz) did not disclose
single-channel current events (Fig. 10A–C). At micromolar [ATP], only
strong acidiﬁcation to pH 5.4 reduced these currents signiﬁcantly
(Fig. 10D). In the patch experiments, high H+ concentrations were
necessary to reduce the effects of ATP probably since the experiments
required a free Ca2+ concentration of 0.5 mmol/l Ca2+ (and therefore
also a higher ATP concentration as in the microelectrode experiments
using divalent-free extracellular solutions) for patch stabilization.
Therefore, the mixture of ATP4− and Ca2+ buffered the ATP4−
concentration against H+ binding. These results could simply be
explained assuming that the activation of hP2X7R via the high-afﬁnity
binding site is only affected by ATP4− binding to protons. The
Fig. 6. The effect of the extracellular pH on the single-channel characteristics of the hP2X7R. The ﬁgure shows representative single-channel recordings of hP2X7R-mediated currents
from outside-out patches that were exposed to different extracellular pH values as indicated. Leak currents and non-speciﬁc ATP-induced currents were subtracted [25]. Horizontal
lines represent the zero current when the hP2X7R channel in the patch is in the closed state. The currents were recorded during voltage ramp pulses ranging from−140 to +60 mV
within 1 s during the activation of the hP2X7R by 1.7 mM (A) or 0.17 mM total ATP (B and C). The straight lines represent linear ﬁts of the open channel current against voltage. The
statistical values derived from the ﬁt for slope conductance γ and Vrev are shown in D and E, respectively. The data in A–C were obtained from the same patch. The mean values that
are shown in D and E were obtained from ﬁve patches.
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relevant to hP2X7R activation via the low-afﬁnity activation site.
4. Discussion
Extracellular protons exert different effects on P2X receptor
subtypes. While the activation of the P2X1, P2X3, P2X4 and P2X5
receptors was found to be inhibited by lowering the pH of the media
[35,36], P2X2 receptors were reported to be potentiated by low pH
[37–39]. Using pointmutants, the pH effects have been ascribed to the
protonation of distinct extracellular histidine residues that are not
conserved among the P2XR subtypes [40–42]. In addition, N-linked
glycosylation seems to play a role, at least in P2X3 receptors [43].
In rat P2X7R, acidiﬁcation inhibited the agonist-induced currents
[44,45]. A signiﬁcant part of the inhibiting effect of protons was foundto depend on 130His, which was proposed to act as a proton sensor
[45]. However, 130His is not conserved in the hP2X7 polypeptide. In a
more recent study on the rat P2X7R, alanine replacement of 85His or
219His by alanines was found to increase the proton sensitivity of the
resultant mutants severalfold [46]. In addition, simultaneous charge-
neutralizing mutations of 110Lys and 197Asp (but not charge-
conserving mutations) greatly attenuated the inhibition of the
rP2X7R by protons [46]. The P2X7R-dependent uptake of ﬂuorescent
dyes (which is generally believed to reﬂect the induction of pores that
are permeable to large organic compounds) was inhibited under both
acidic and alkaline conditions [44,47,48].
Here, our detailed analysis of the hP2X7R revealed a rather
complex modulation by protons with distinct effects at the previously
characterized high- and low-afﬁnity agonist activation sites [26,27].
To speciﬁcally assign the effects to either one of the two activation
Fig. 7. The effect of the extracellular pH on the hP2X7R single-channel current and the open probability. A–C, Examples of currents recorded from an outside-out membrane patch
during the application of 1.7 mMATP at the indicated extracellular pH. The zero current represents the patch current when the channels are closed. D–F, The amplitude histograms of
the corresponding currents that are shown in the adjacent left panels in A–C were ﬁtted by the sum of two Gaussian distributions (smooth solid line) to calculate the mean open
channel probability Po and the single-channel current amplitude i. G, H, The dependences of the single-channel current amplitude and the open probability on the extracellular ATP
concentration and the pHwere calculated as shown in D–F. The holding potential (Vh) was−120 mV. Themean values that are shown in G and F were obtained from 4 to 23 patches.
A statistically signiﬁcant pH effect is marked by an asterisk.
954 B. Flittiger et al. / Biochimica et Biophysica Acta 1798 (2010) 947–957sites, we exploited several approaches: (i) low and high agonist
concentrations were used to activate only the high-afﬁnity site or to
activate both activation sites, respectively; (ii) the S339Y-hP2X7R
mutant (which is activated solely through the high-afﬁnity activation
site) allowed current recordings to be made without any contamina-
tion by activation through the low-afﬁnity activation site; (iii) the use
of high concentrations of BzATP enabled us to predominantly activate
the hP2X7R via the low-afﬁnity activation site; and (iv) any
contamination by secondarily activated currents could be eliminated
by recording single-channel activity from outside-out patches, which
completely depend on the activation of the low-afﬁnity activation site
of the hP2X7R [27].
4.1. pH-dependent changes in the concentration of ATP4−
The rightward shift of the concentration–response for total ATP for
P2X7Rs that is induced by divalent cations is generally considered as
evidence that free ATP4− (rather than MgATP2− (or CaATP−2)) is the
genuine P2X7R agonist [49]. This view is strongly supported by the
ﬁnding that the divalent-induced shift of the ATP-concentration–
response of the human P2X7R can be quantitatively assigned to the
pH-dependent change in the concentration of free ATP4− [26,50].
Another strong argument for ATP4− being the agonist of the P2X7R isthe present ﬁnding that ATP in divalent-free bathing solutions is
capable of activating P2X7R-dependent ion currents. However, it is
possible that the complexation of ATP4− by divalent cations might
exert additional effects on the P2X7R-mediated currents. These may
be, for instance, evoked by the newly formed ATP species: Ca-ATP2−
or Mg-ATP2− or by the free divalent cations. Indeed, not all of the
effects of the divalent cations at the P2X7R could be solely explained
by ATP4− binding [44].
Here, part of the modulating pH effect on the ATP-dependent
activation of the hP2X7R, i.e., the rightward shift of the ATP
concentration–response curve, can be assigned to pH-dependent
changes in the concentration of ATP4−. This explanation applies to the
pH effect on the high- and low-afﬁnity activation sites, analogously to
the effects of Mg2+ on hP2X7R-dependent currents described
previously [26]. Consistent with this view, an alkalinization of the
bathing solution from pH 7.4 to 8.4 did not signiﬁcantly alter the
apparent potency of the ATP, as the protonation of ATP4− is only
minimally affected by pH changes in this range. According to Eq. (1),
decreasing the pH from 7.4 to 6.4 would shift the log([ATP4−]) by
−0.29. This matches nearly perfectly the observed shifts in the pKD
values under these conditions (see Table 1). However, even when the
concentration–response curves were based on ATP4−, they did not
completely overlap at the pH values of 6.4, 7.4 and 8.4 (Fig. 3). This
Fig. 8. The effect of the extracellular pH on the kinetics of the hP2X7R single-channel current. Representative open time (A–C) and closed time (D–F) histograms of one outside-out
patch in bath solutions containing 1.7 mM ATP with the pH as indicated. G and H, The dependence of the single-channel mean open and closed times, respectively, on the
extracellular ATP concentration and pH was calculated as shown in A–F. The holding potential (Vh) was−120 mV. The mean values that are shown in G and F were obtained from 4
to 14 patches. The signiﬁcant inﬂuence of pH is marked by asterisks.
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the published values under our experimental conditions [31]. Alter-
natively, protons may slightly hamper the binding of ATP4− to the
hP2XR. This would be contrary to the observations with the P2X2R,Fig. 9. The inﬂuence of acidic pH on the ATP concentration–response behavior at the
single hP2X7R channel level. The amplitudes of mean patch currents containing several
hP2X7R channels were normalized to the amplitudes using 5.8 mM ATP at pH 7.4 and
were approximated by the right term of Eq. (3). The ﬁtted results are given in Table 2.
N=4–34 patches.where protons have been suggested to facilitate the binding of
negatively charged ATP4−, CaATP2− or MgATP2− [39].
4.2. Allosteric modulation of the hP2X7R by protons
The most signiﬁcant effect of acidiﬁcation is the reduced agonist
efﬁcacy at the low-afﬁnity activation site, as reﬂected by the reduction
in the maximal current amplitude that is evoked by high saturating
concentrations of ATP or BzATP. Since this effect is not accompanied
by a change in the apparent afﬁnity of the agonist binding site, an
allosteric modulation effect on the hP2X7R outside the ATP4− binding
site is a likely mechanism for this. The single-channel experiments
revealed that ion permeation through the hP2XR channel is not
affected by external acidiﬁcation. Therefore, we suggest that protons
affect the hP2X7R channel gating subsequent to ATP binding. The
location of the protonation site that is responsible is presently
unknown. At the rat P2X7R, 130His was found to be critical for the
inhibiting effect of extracellular protons [45]. The hP2X7R, however,
does not possess a histidine residue at or near position 130 [29].Table 3
The effect of acidic pH on the activation of single hP2X7R channels.
Irel,∞ (%) pKD
pH 6.4 25±1a 3.03±0.03a
pH 7.4 120±2 3.16±0.03
The parameters were calculated using Eq. (3) with Irel,∞,2=0.
a Statistically signiﬁcant differences from values calculated for pH 7.4.
Fig. 10. Effects of pH on patch currents of the S339Y-hP2X7R mutant. A–C, Examples of patch currents induced by 5.6 µmol/l ATP at different pH as indicated. The timing of agonist
application (horizontal bars) and the pH of the agonist-containing media are indicated. As demonstrated in C, the mean ATP-induced patch current I was measured as the difference
of the mean of the patch current over 300 ms before ATP application and when i reached a saturating inward level. D, Dependence of the mean ATP-induced currents normalized to I
(0.056 mMATP, pH 7.4) on agonist concentration and pH. At the same ATP concentration, only the valuemarked by an asterisk is signiﬁcant different from the others. The solid line is
the approximation of Irel at pH 7.4 according to the right term of Eq. (3) yielding pKD,1=−6.1±0.1. The other two lines represent the theoretical Irel(ATP) dependence at pH 6.4 and
5.4 as given in the legend assuming simply a reduction of ATP4− by the increasing H+ concentration. N=6–30 patches.
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pathophysiologically relevant range for histidine residues, proton
binding to other amino acids (such as the lysine or aspartic acid of the
P2X7R) seems to be functionally important as well [46]. Extensive
site-directed mutagenesis may be necessary to identify the allosteric
protonation site of the hP2X7R. This may include alanine replacement
of the extracellular histidine residues, but other proton-binding
amino acids (such as lysine, aspartic acid or glutamic acid) should
also be tested.
4.3. Low tissue pH enhances the relative importance of the high-afﬁnity
ATP activation site for hP2X7R activation
Cells secrete ATP into the extracellular space in response to
hypoxia, inﬂammation ormechanical stretching, probably by different
mechanisms. In addition, necrotic cells release their contents (includ-
ing intracellular ATP) directly into the interstitial ﬂuid. The bulk
concentration of ATP in the extracellular ﬂuids was generally found to
be in the nanomolar or low micromolar concentration range [6]. By
elaborate methods, the total ATP concentrations were determined to
be in the micromolar to (maximally) the 100-µM range near the
extracellular membrane surface of ATP-secreting cells [51–54].
However, when the chelation of ATP by extracellular Mg2+ and Ca2+
and the activity of ectonucleotidases are taken into account, the
effective ATP4− concentrations may not exceed the low micromolar
range. Accordingly, under physiological or even pathophysiological
conditions, the effective ATP concentrations are too low to result in a
signiﬁcant activation of the hP2X7R via the low-afﬁnity activation site.The pH values of inﬂamed tissue have been reported to be 5.8 to 7.6.
Using reliable methods, on average, a drop to a pH value of 6.9 was
measured [13]. Under such conditions (underwhich the release of ATP
that may activate the P2X7R is also favored), the importance of the
low-afﬁnity activation site for channel activity is further reduced by
acidiﬁcation-induced impaired gating via the low-afﬁnity activation
site. Currents induced by micromolar concentrations via the high-
afﬁnity ATP binding site, however, are hardly affected by these
physiologically and pathophysiologically relevant H+ concentrations
(see Figs. 5C and 10D). It is therefore tempting to conclude from these
considerations that the high-afﬁnity activation site is particularly
important for hP2X7R channel activity in inﬂamed tissues.
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